We further develop a simple device, called Spatially and Temporally Resolved Intensity and Phase Evaluation Device: Full Information from a Single Hologram (STRIPED FISH), for measuring the complete spatiotemporal intensity and phase, Ix; y; t and ϕx; y; t, respectively, of an arbitrary ultrashort pulse on a single camera frame (and hence, on a single shot). We have increased the measurable bandwidth, eliminated most aberrations, and improved the uniformity of the multiple holograms in the device. We demonstrate these improvements by making single-camera-frame measurements of spatiotemporally complex subpicosecond crossed and chirped pulses from a Ti:sapphire oscillator. In order to display the massive resulting data files-pairs of four-dimensional intensityand-phase data-we also develop a method for generating intuitive movies of the measured pulses. With these improvements, this device and its resulting movies should be able to perform and intuitively display true singleshot spatiotemporal measurements of most current ultrashort pulses.
INTRODUCTION
Ultrashort laser pulses have a wide variety of applications, from laser machining and coherent control of chemical reactions to ultrafast spectroscopy. Most such applications operate best with a pulse that has stable and simple-or at least known-intensity and phase in both space and time. While it is possible to measure the spatial profile averaged over time and the temporal profile averaged over space, ultrafast lasers unfortunately suffer from an abundance of spatiotemporal couplings or distortions in which a pulse's temporal and spectral intensity and phase vary with transverse position, or equivalently, the spatial intensity and phase vary with time or frequency [1] . Some spatiotemporal couplings are useful in such applications as attosecond pulse generation, spacetime focusing, pulse compression, and nonlinear optics [2] [3] [4] [5] [6] [7] , but most are not. For example, in Kerr-lens mode-locked lasers, the output mode size depends on frequency [8] , and, even if it does not, it necessarily will at a focus due to the wavelength dependence of a focal spot size for a given input spot size. And since dispersive and focusing optics are ubiquitous in ultrafast laser systems, numerous additional spatiotemporal distortions, such as radial dispersion and chromatic aberration, often occur [9] [10] [11] [12] . Also, when performing pulse compression and shaping, complex waveforms arise if the optical components become misaligned [13, 14] . Furthermore, ultrashort pulses, especially, amplified ones, have extremely high intensities, so significant intensity-related nonlinear-optical effects can distort pulses as they propagate through optics [15] [16] [17] [18] [19] . These latter distortions are particularly problematic because they vary from shot to shot when intensity fluctuations are present, and, in ultrahigh-intensity low-repetition-rate systems, their variations from shot to shot can be significant. As a result, a technique that can measure the complete spatiotemporal intensity-and-phase (electric field) of an ultrashort light pulse, Ex; y; t, would be very useful, and, in particular, for high-intensity, low-repetition-rate pulses, a single-shot technique is essential.
Unfortunately, complete spatiotemporal characterization of ultrashort laser pulses remains extremely challenging. As mentioned above, simple, relatively uninformative measures, such as temporally averaged spatial profiles, obtained using simple cameras, are available. Over the past couple of decades, spatially averaged temporal profiles have become measurable using methods like Frequency-Resolved Optical Gating (FROG) [20] . Single-shot versions of FROG and its simpler cousin, GRENOUILLE [21, 22] , have also been shown to yield simple first-order spatiotemporal distortions, specifically, spatial chirp and pulse-front tilt [23, 24] . However, more powerful techniques are needed to completely characterize spatiotemporally complex pulses.
More recently, a number of techniques that yield partial solutions to the spatiotemporal measurement problem have been proposed and demonstrated [1, 25] . Beginning with methods that measure the temporal profile using a measured trace that is only one-dimensional (such as spectral interferometry), it is straightforward to extend the measurement using a standard two-dimensional camera to also include one spatial domain, i.e., Ex; t or Ex; ω [26] [27] [28] [29] [30] [31] [32] . The resulting measurement, however, remains incomplete in space (either cropping or averaging over the missed spatial dimension), so assumptions must be made about the spatial homogeneity or cylindrical symmetry-which may not be valid in practice. To obtain the additional dimension, one must scan over the missed dimension.
Other techniques use combinations of spatial and temporal measurements. Shackled FROG [33, 34] and HAMSTER [35] are based on combining a Hartmann-Shack spatial sensor with a FROG apparatus. The Hartmann-Shack sensor yields the spatial wavefront and amplitude information, and a FROG measurement of the central part (or anywhere else that contains all frequency components) stitches together the results. These methods are limited, however, because they must assume the same spatial phase for each monochromatic component [33] or must scan over all frequencies [36] ; otherwise, the information obtained is spatially incomplete [34] .
It is helpful to generate a spatiotemporally known reference pulse or train of pulses to assist with the measurement. This can be accomplished by spatially filtering a pulse to achieve a spatially simple (known) beam and then measuring the resulting essentially spatially uniform field versus time [37, 38] . It is also important to verify that a train of such pulses is stable, a fact we mention here because most recently introduced temporal pulse-measurement techniques only measure the coherent artifact and so do not reveal such instability, and also yield erroneously short pulses [39, 40] , which would severely undermine any results when used to measure a reference pulse for a spatiotemporal measurement. In any case, the existence of a properly measured reference pulse opens up a wide range of possibilities, and a number of spatiotemporal measurement methods take advantage of this fact. Most still involve scanning in the spatial dimension(s), and the most popular include SEA TADPOLE [41] and STARFISH [42] . These methods can measure pulses completely in space and time, i.e., Ex; y; t. As both of the above methods use fibers as input conduits for the probe pulses, they are inherently alignment-free and have high spatial resolution, defined only by the mode size of the fiber. However, as with all spatial or spectral scanning techniques [43] [44] [45] [46] , such methods require many shots, rendering them inapplicable for unstable or low-repetition-rate pulse trains. This is unfortunate as such pulses are usually of greater interest, especially, amplified pulses from complex systems that also more often incur nonlinear-optical spatiotemporal distortions.
As a result, we recently introduced a single-shot technique for complete spatiotemporal pulse measurement (versus x, y, and t). It is called Spatially and Temporally Resolved Intensity and Phase Evaluation Device: Full Information from a Single Hologram (STRIPED FISH) [47] . It comprises a very simple setup of a coarse two-dimensional diffractive optical element (DOE), an interference bandpass filter (IBPF), imaging optics, and a camera (see Fig. 1 ). It uses a spatially smoothed and temporally characterized reference pulse, accomplished at an earlier point using a spatial filter and a FROG measurement. The pulse to be measured and this known reference pulse cross at a small vertical angle on the DOE, which simultaneously generates multiple divergent pairs of beams at different angles. The DOE is also rotated slightly, so the horizontal propagation angle is different for each beam pair. Because the IBPF's transmission center wavelength varies with horizontal incidence angle, it then wavelength-filters each pair of beams to be essentially monochromatic and with different center wavelengths [48, 49] . The beam pairs then overlap at the camera, generating an array of quasi-monochromatic holograms, each at a different wavelength. The spatiotemporal information of the unknown pulse is obtained from the multiple holograms and from the knowledge of the reference pulse, yielding a complete measurement on a single camera frame, and hence, if desired, on a single shot.
In its initial demonstration [50] , STRIPED FISH successfully measured simple temporally and spatially chirped pulses. Even for such simple pulses, however, the resulting data set is necessarily quite large: two four-dimensional arrays, which contain the intensity and phase versus x, y, and t. Thus, in order to display the measured pulses in still images, we had to suppress one spatial dimension, and so we used a two-dimensional surface (versus x and t or y and t), whose height represented intensity and color represented the instantaneous frequency. In addition, we made movies that displayed the pulse intensity and instantaneous frequency versus x and y, in which real time indicated pulse time, but slowed by 14 orders of magnitude.
ISSUES
As with any new device, the initial implementation of STRIPED FISH had limitations.
A. Spectral Range
The transmitted central wavelength of an IBPF depends approximately linearly on the beam incidence angle. As a result, a STRIPED FISH device's spectral range is limited by the range of beam angles impinging on the IBPF, which itself is limited by the range of angles generated by the DOE. In order to increase the device spectral range (previously ∼20 nm), a smaller feature size of the DOE, thus, a larger range of beam angles emerging from it, is required.
B. Aberrations
When the pairs of beams emerging from the DOE diverge more, they must be imaged from the DOE to the camera with a magnification significantly less than unity because the pattern quickly becomes too large to fit on a standard camera. Such large-angle imaging with simple lenses, however, results in severe aberrations (especially, barrel distortion) due to the highly off-axis propagation. Holograms at the left and right edges of the trace that correspond to beams that are spatially Gaussian appear stretched or comet-shaped, likely due to coma, and retrieving an accurate spatial intensity pattern for the reddest and bluest wavelengths becomes difficult. 
C. Order Inequality
The various holograms had inherently highly unequal intensities (low orders were generally more intense) due to the usual order-dependent diffraction efficiency at the DOE. When the beam was attenuated enough that the central holograms did not saturate the camera, the peripheral holograms were very faint and had a low signal-to-noise ratio. Of course, a higher-dynamic-range camera could help here, but it is expensive.
D. Very Bright Central Zero-Order Artifact
The useful holograms were accompanied by a strong and useless undiffracted central artifact, which overwhelmed adjacent holograms. This zero-order central-spike artifact [50] was due to the reflection from the substrate of the DOE, which consisted of mostly transparent regions with small, square reflective coatings. An attempt to eliminate this artifact involved operating in reflection at the Brewster's angle of the substrate. It effectively removed the central-spike artifact, but it also, unfortunately, introduced a weak "ghost" reflection from the back surface of the substrate [50] . Moreover, operating the subsequent imaging system at such an oblique angle (Brewster's angle) was vulnerable to off-axis misalignment and suffered from astigmatism.
E. Display Method for the Measured Pulse
Finally, even the seemingly simple task of plotting the measured pulse proved quite challenging, due to the inherent data volume of both the intensity and phase versus x, y, and t (i.e., two four-dimensional graphs). Previously [51] , to show the time evolution, we either suppressed a dimension or made movies by plotting the intensity and instantaneous frequency as functions of x and y, and slowing time by ∼14 orders of magnitude. While these movies displayed simple chirped pulses well, the instantaneous frequency can, in practice, be highly unnatural in appearance: white regions of pulses (where all frequencies are present) are displayed as green -a well-known fundamental problem of the instantaneousfrequency concept.
IMPROVEMENTS
To solve these problems, we have made several improvements. First, we have converted to a normal-incidence "negative DOE," whose transmission function is equal to the reflection function of the previous DOE. Therefore, this new grating has the same diffraction pattern in transmission as before in reflection. But, as it works in a transmission manner, it has no zero-order central-spike artifact or "ghost" reflection. Second, we added an apodizing neutral-density filter (ANDF), placed near the focal plane of the first lens [see Fig. 2(a) ]. Its radially decreasing optical density significantly attenuates central beams (low diffraction orders) relative to the peripheral ones (high orders). As a result, it better balances the intensities of the various diffracted orders, as can be seen by comparing Figs. 2(b) and 2(d).
At large incidence angles, aberrations become more problematic. So, third, to collect the more highly divergent beams and to direct them to the camera without barrel distortion (and any less visible, but potentially deleterious), we added an imaging system comprising two highly aberration-corrected commercial photographic lenses. Such lenses are designed for large incidence angles, as are common in photography, and they are corrected for a wide range of aberrations. These lenses successfully image the divergent beams with minimal aberrations [when we compare Fig. 2(c) with Fig. 2(d) , the former shows the barrel distortion of the beam pattern and highly irregular beam shapes]. This allows a greater range of angles at the IBPF and, therefore, a larger wavelength range. Although these multi-element lenses contain significant amounts of glass, they can be used in our ultrafast optical device because the resulting group-delay dispersion is experienced by both the unknown and reference pulses, and so, cancels out of the holographic measurement.
With these improvements, up to 40 holograms could be imaged onto a 10.5 mm × 7.73 mm camera chip with negligible aberrations. This increased the spectral range and allowed the device to use the full dynamic range of the camera (8 bits, 0-255) with a reasonable signal-to-noise ratio for all holograms.
As a side note, although we use the holograms to obtain the intensity and phase of the pulse here, note also that if the reference beam is absent and only the unknown beam is incident, STRIPED FISH behaves exactly as a single-frame low-resolution three-dimensional (3D) imaging spectrometer [see Fig. 2(a) ], yielding at the camera the spatially dependent spectrum, Ix; y; ω. This may be of interest for spectroscopic applications [52, 53] .
To more intuitively display the measured intensity and phase (versus x, y, and t), we no longer use the instantaneous frequency, and now instead, compute the numerical spectrograms [see Eq. (1)] of the retrieved pulse at each point in space using a numerically generated variably delayed gate pulse (a fraction of a pulse length long). This approach Note that, due to the diffraction efficiencies and the pulse spectrum, the central spot appears much brighter than the peripheral ones (27.3 times difference in peak intensity). (c) Camera shot imaged using two simple convex lenses (that is, not using photography lenses). Note the barrel-like beam array with irregular spot shapes, due to the aberrations of the singlet lenses. (d) Camera shot after incorporating the ANDF and photographic lenses. Note the increased peripheral visibility (5.7 times peak intensity difference) and suppressed aberrations, resulting in a good signal-to-noise ratio for a wider range of wavelengths.
simulates 
where gt − T is the numerical gate function with variable delay T.
We then compute the overlap integrals of each spectrogram with red, green, and blue response functions:
where Rω is (for example) a red response function. This function is a simple Gaussian centered at a red frequency if true color is desired. If false color is desired, then this function is centered on the longer-wavelength colors of the pulse spectrum. Similar response functions are used to compute the green (or center for false color) and blue (or shorterwavelength) overlap integrals. The resulting color functions then serve as RGB values (versus x, y, and t), ensuring that a pixel appears white at places and times when the whole spectrum is present, and red/blue biased when longer/shorter wavelengths dominate. Also, we normalize the total color contents, so that the brightness (weight of color) represents the relative intensity (versus x, y, and t). Since the color of the pixels represents phase, both the intensity and phase information is contained in the RGB functions. This allows us to generate color movies as the human eye would perceive the pulse if the eye actually had the temporal resolution to do so.
RETRIEVING THE PULSE FROM STRIPED FISH HOLOGRAMS
To measure an unknown pulse, we first temporally characterize a spatially filtered simple pulse, E r x; y; ω, obtaining the required spatiotemporally known reference pulse. This pulse then crosses with the unknown pulse, E u x; y; ω, at a small vertical angle α, forming an interfering beam pair. By passing through the DOE and the IBPF, holograms of many different frequencies are generated. Afterward, the imaging system relays the holograms onto the camera. The interference of the reference and unknown pulses at each frequency is given by Ix; y; ω jE u x; y; ωj 2 jE r x; y; ωj 2 E u x; y; ωE r x; y; ω expiky sinα E r x; y; ωE u x; y; ω exp−iky sinα; (3) where the asterisk denotes the complex conjugate. Note that all amplitude and phase information of the unknown pulse is contained within the oscillating term E u x; y; ωE r x; y; ω expiky sinα, where the "carrier" expiky sinα is easily removed to retrieve the "envelope" E u x; y; ω E r x; y; ω by a Fourier-filtering algorithm [54] . Furthermore, because E r x; y; ω is known, the complex unknown spatiospectral field E u x; y; ω is then obtained. By performing an inverse Fourier transform (IFT) for each location, we obtain the unknown field in the spatiotemporal domain, E u x; y; t.
To illustrate this, we demonstrate the retrieval of a positively chirped Gaussian pulse, following proper calibration parameters, from a simulated trace, as shown in Fig. 3 .
EXPERIMENTAL SETUP
To demonstrate the effects of these improvements, we performed measurements on spatiotemporally complex pulses. We also used a high-repetition-rate oscillator, so the measurements were not truly single-shot, but we used only a single camera frame, yielding a proof of principle that true singleshot measurements are possible. As shown in Fig. 4 , the output from a Ti:sapphire oscillator (KMLabs, 800 nm center wavelength, 20 nm in FWHM, extending toward the ∼50 nm range) is propagated through a pulse compressor (Swamp Optics BOA Compressor) and then through a spatial filter made of two convex lenses (first, 300 mm; second, 100 mm) and a pinhole (75 μm). A flip mirror (FP) was then used to switch the beam path into the GRENOUILLE (Swamp Optics, model . When the FP was flipped out of the beam, the beam propagated into two sets of beam splitters (BSs) that divided it into three replicas. One acted as the reference pulse and the other two were combined at different angles with varying amounts of chirp and delay, creating a double pulse with chirped-pulse beating that varied with spatial position. Two delay stages were used to synchronize the two unknown pulses and the reference. The coarse DOE was made by photomasking a soda lime substrate with a dark-field chrome coating, which comprised an array of transparent square windows (3 μm × 3 μm, 15 μm spacing) that diffracted the beams into highly divergent (∼30°) beam arrays. The DOE was slightly rotated (∼10°) in the vertical plane to ensure that different beam replicas all propagated at different horizontal angles. Then the beams were spectrally resolved by an IBPF (Semrock LL01-852, 3.2 nm bandwidth, but tilted by ∼40°, which increased the bandwidth to ∼5 nm), with their center wavelength determined by their incidence angles. In this way, the whole spectrum of interest (∼775 to ∼825 nm) could be measured, with all frequencies calibrated by a fiber-coupled spectrometer (Ocean Optics HR4000). The imaging system consisted of two photographic lenses (lens 1: Computar c-mount 50 mm, f 1.8; lens 2: Computar c-mount 75 mm, f 1.4) and an ANDF (Edmund Optics 64386). After the imaging system, the unknown double pulses interfered with the reference pulses on the camera screen (PixeLINK PL-A781, 3000 × 2208 pixels, 3.5 μm pixel pitch), forming ∼40 quasi-monochromatic (∼5 nm bandwidth) holograms at different frequencies.
RESULTS AND SIMULATIONS
Using the setup above, we measured spatiotemporally complex pulses consisting of double pulses crossed at various angles and with varying amounts of delay and chirp. Figure 5(a) shows the resulting camera frame containing the multiple holograms generated by the interference of the unknown and reference beams at different frequencies. Figure 5(b) shows a camera image of only the unknown double pulse (with the reference beam blocked), yielding the spatial intensities for various frequencies, I u x; y; ω. For each measurement, we generated a false-color STRIPED FISH-measured movie of E u x; y; t. The movie shows the spatially and temporally complex brightness and color patterns for the unknown crossing double pulses. Also, to ensure the credibility of our measured results, we have performed two cross-checks. The first check was a STRIPED FISH internal check: a STRIPED FISH measurement was performed for each individual pulse that constituted the unknown double pulse, and then their electric fields retrieved were added numerically, using the known crossing angle and delay, to yield the unknown field. The double-pulse field (movie) obtained in this way should be the same as that from the direct measurement of both pulses at once. A second check was to perform a theoretical simulation of the STRIPED FISH trace assuming simple Gaussian pulse and beam shapes, and their known crossing angles and delays. Again, the simulated movie is expected to have features similar to that of the directly measured one.
For demonstration, we first show the movies of crossing chirped pulses with 0 relative delay. In this case, we expect spatial fringes consistent with the crossing pulses, and only the color of the pulse should change with time. Figure 6 shows the movies of the positively chirped crossing pulses, while Fig. 7 shows those of the negatively chirped pulses. All relative delay values are obtained by linear fitting of the measured relative phase between the centers of the unknown double pulses.
Next, the relative delay between the two pulses in the unknown double pulse was adjusted from ∼0 to ∼30fs with a high-precision motorized translation stage (Newport ESP UE16PP, 0.074 μm resolution). As expected, adding a delay between the pulses causes chirped-pulse beating. Since the exact delay between the pulses varies with spatial position due to the crossing angle, different colors experience constructive interference at different positions. As a result, the fringes move and change colors with time in interesting ways. Figure 8 shows the movie results for the positively chirped pulses, while Fig. 9 shows the results for the negatively chirped pulses.
Then, in a second set of measurements, the angle between the pulses was decreased in order to vary the spatial interference pattern. Figure 10 shows the result for pulses that are essentially coincident in time. As expected, decreasing the angle between the beams results in an interference pattern with broader fringes. The transverse variation in delay between the beams is smaller, so when a ∼30 fs delay is added between the pulses, the chirped-pulse-beating pattern varies more slowly as a function of position (see Fig. 11 ).
Once the four-dimensional field of E u x; y; t is obtained, we can always suppress one dimension (say, x axis), by fixing on a particular coordinate value (say, x c ), and get conventional 3D figures. As an example, in Fig. 12 , we have plotted the spatiotemporal field E u x; y; t, as the one in Fig. 6(a) , for several different time points (427, 521, and 594 fs), together with the frames of the simulated field E sim x; y; t, as the one in Fig. 6(c) . From these figures, we can see that the Gaussian-pulse simulated results match well with the actual measured results. 
DISCUSSION
Our measured and simulated results confirm that STRIPED FISH accurately measures pulses showing complex spatiotemporal behavior. For crossing double pulses, STRIPED FISH was able to retrieve the intensity and phase correctly, even for the low-intensity regions between the fringes. Several megapixels of data were used for retrieval (350 × 350 × 35) from a single camera frame, together with the FROG measurement, ensuring relatively high resolutions in space and time (frequency). Nevertheless, not all details in the retrieved traces and movies achieved perfect agreement with the simulations. For example, there are minor intensity discrepancies in the traces, and the simulated movies appear more spatially smooth than the measured movies. Possible reasons for these discrepancies include the assumed Gaussian profile used for the reference pulse and the finite filter bandwidth.
Further improvements to the device could involve extension to more complex pulses, which would require scaling up the number of holograms, by, for example, using a larger camera sensor. Also, a higher-dynamic-range camera combined with an ANDF could yield an even better signal-to-noise ratio in the holograms. Extension to longer pulses would require increasing the spectral resolution, which would be difficult in view of currently available filter bandwidths, angular dispersion's tendency to spatially smear the resulting holograms, and the resulting increase in the divergence of the many beams after the DOE. On the other hand, this device should be easily adapted to other wavelength ranges by selecting relevant parameters for the DOE, IBPF, and imaging system. As a result, in its current form, STRIPED FISH should be able to measure most visible and infrared ultrashort pulses of interest.
CONCLUSIONS
We have demonstrated an improved STRIPED FISH device for measuring a spatiotemporally complex pulse. STRIPED FISH is, to the best of our knowledge, the first apparatus to yield a complete spatiotemporal electric field in all three dimensions, x, y, and t (z information is not needed, as it can then be obtained using the Fresnel integral), for an ultrashort pulse on a single camera frame. Thus, this device should be able to measure complex pulses on a single shot using its compact optics, without complicated alignment or scanning issues. The new DOE, IBPF, and imaging optics work together to increase the spectral range by generating a larger divergence angle among the beams (∼50 nm, ∼30°compared with ∼20 nm, ∼10°in previous work), with negligible aberrations. Also, the apodizing filter significantly improved the intensity uniformity for the numerous holograms generated in the device. With the spectrogram-based movies, STRIPED FISH now provides a visually intuitive movie to demonstrate the intensity and phase of the measured pulse over space and time. As an example, we showed that STRIPED FISH can measure the fairly complex intensity and phase behavior of crossing chirped double pulses, from a Ti:sapphire oscillator, with various delays, chirps, and crossing angles. We performed crosschecks to test the retrieval robustness, which agreed well with directly measured results.
